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Abstract 
This paper presents a new protection technique for discrimination between internal faults and external faults in power 
transformers based on the transient components of the transformer's currents. The three phase transient currents of the 
transformer are converted to the modal current components using Clarke's transformation to produce the ground 
mode, areal mode 1 and areal mode 2. These different modes produce useful information which can be used to 
discriminate between internal faults and external faults by applying the Fault Discrimination equation suggested by 
the author. The proposed technique is evaluated via an extensive simulation study for a 132/15 KV – 155 MVA 
power transformer using Alternative Transient Program (ATP). It can be seen from the obtained results that the new 
approach is very successful in discriminate between internal faults in addition to inter-turn faults and external faults. 
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1. Introduction 
Power transformers are considered one of the most vital components in power system network. Due to 
both the importance and necessarily of power transformers for the power system operation, security and 
stability, and due to a wide variety of abnormal conditions and faults, which could cause different levels 
of damage, avoiding damage to power transformer is vital. 
    Failures are sometimes catastrophic and almost always result in irreversible internal damage. It is 
therefore very necessary to closely monitor their online behaviour [1]. 
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The correct and fast detection of internal faults is one of the challenges for the modern protection of 
power transformers. 
   Differntial protection has been employed as the primary protection for most of the power 
transformers. Differential protection is based on the fact that any fault within an electrical equipment 
would cause the current entering it, to be different from that leaving it. Thus, we can compare the two 
currents either in magnitude or in phase or both and issue a trip output if the difference exceeds a 
predetermined set value. This method is very attractive when both the ends of the apparatus are physically 
near each other [2].  
   Inter-turn (turn-to-turn) fault is one of the most important failures which could occur in power 
transformers. This phenomenon could seriously reduce the useful life length of transformers [3]. 
   Investigation shows that about 70%-80% of transformer failures are caused by internal winding 
short-circuit faults. One important reason for these faults is erosion of the winding and conductor 
insulation due to vibrations initiated by the electromechanical forces at service current and over currents. 
This problem leads to over-current in windings that result terrible damages such as severe hot-spots, oil 
heating, winding deformation, damage to the clamping structure, core damage, and even explosion of 
transformer. Also it causes many adversities in power system (voltage sag, interruption, etc). So the short-
circuit consideration is one of the most important and challenging aspects of transformer design. There 
exist a number of ways such as magnetic balance test, Buchholtz relay operations, ratio-meter test to 
detect internal faults in transformers [6]. 
    Magnetic balance tests and Buchholz relays can usually provide indication of winding inter-turn 
faults in transformers. However their usefulness in determining such faults at an incipient stage remains 
questionable. Ratiometer test, which is the standard method used for determining voltage ratio of the 
transformer, can also be used in an indirect way to determine if an inter-turn short circuit exists in the 
winding of a transformer. However, this test is essentially a bridge method and hence is very sensitive to 
the accuracy and calibration of the bridge resistors. Additionally, phase angle adjustments to nullify the 
phase shift between the primary and the secondary are also required for accurate measurements. Increased 
no-load losses have also been shown to give very good indication of inter-turn faults in case of shorted 
turns. However the effect of core degradation and looseness can influence no-load losses [4]. 
   Inter-turn faults are extremely difficult to detect since they induce negligible increase of the currents 
at the transformer terminals, although the currents flowing at the fault place are very high and dangerous 
for the transformer [5]. 
    Meanwhile, transformer protection schemes such as differential relays are not able to detect this kind 
of fault. This type of fault should be studied carefully to determine its features and characteristics [3]. 
   This paper presents a novel, simple but efficient, technique for discrmination between inter-turn 
faults and external faults, the inter-turn faults include both the turn to turn faults and the turn to ground 
faults, the new technique depends on the transient components extracted from the phase currents on both 
sides of the power transformer, then by applying  the Clarke’s transformation the outbut transient modal 
current components applied to Fault Discrimination equation which determines succesfully if the fault 
internal or external. 
2. The proposed technique   
The new technique based on extracting the transient current components from the phases currents on 
the both sides of the power transformer then converted to the modal components using the Clarke’s 
transformation matrix to produce ground mode I0, areal mode I1 and areal mode I2 as follow: 
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The ground mode current components I0 are defined as zero sequence components of the symmetrical 
component system. The aerial mode current components I1 flow in phase a and one half returns in phase b 
and one half in phase c. I2 aerial mode current components are circulating in phases b and c [7]. 
   The transient modal currents from the both high tension and low tension sides of the transformer 
applied to the Fault Discrimination equation which successfully can discriminate between the internal 
faults and external faults from the polarity of it's output. 
   The Fault Discrimination equation is given by the following equation: 
 
                  Fault Discrimination eq = average ( (I0)th*(I0)tl +(I1)th*(I1)tl +(I2)th*(I2)tl )                             (1) 
  
Where 
(I0)th     transient ground mode current on high tension side; 
(I0)tl     transient ground mode current on low tension side; 
(I1)th     transient aerial mode current 1 on high tension side; 
(I1)tl     transient aerial mode current 1 on low tension side; 
(I2)th     transient aerial mode current 2 on high tension side; 
(I2)tl     transient aerial mode current 1 on low tension side; 
 
   For internal faults the polarity of the Fault Discrimination equation will be negative and for external 
faults the polarity will be positive. 
3. The power system modeling  
Data for evaluating the proposed technique is generated by using the alternative transient program 
(ATP). The power system model used to generate this data shown in figure 1. The model includes: 
sending source (G), source impedance (Ls, Rs), 132KV T.L. parameters, 132/15 KV 155 MVA, 3 phase 
power transformer (Ynd11) connection.  
 
 
 
 
   
 
 
 
Fig. 1 Equivalent test circuit of the 3-phase transformer. 
 
Supporting routine BCTRAN can be used to derive a linear R-L coupled branches which simulate the 
coils winding representation for 3-phase transformers. Iron losses are simulated as three resistive branches, 
A.M. Mahmoud et al.\ / Energy Procedia 14 (2012) 318 – 324 3214 Amr Mohamed Mahmoud/ Energy Procedia 00 (2011) 000–000 
 
three nonlinear induction branches are added to consider the saturation effect for inrush simulation cases. 
The power transformer is represented for normal condition using a matrix of 6x6. A matrix 7x7 is used to 
simulate turn to earth fault. A matrix 8x8 is used to simulate turn to turn fault [8]. These matrices can be 
used to derive a linear [R] - [ωL] for power transformers. Capacitance and capacitive coupling among 
windings become important. In fact, at sufficiently high frequencies, the behavior of the transformer 
becomes dominated by its capacitance. Thus to evaluate the high frequency behavior of the transformer, 
particularly under fault conditions, the shunt capacitances were added to the model [9]. 
4. Simulation studies 
The proposed technique is applied on different internal fault and external fault cases to investigate the 
performance of the propsed technique in different fault cases. Some selected cases are shown as follow: 
4.1. Response to internal SLG fault on phase a 
The three phase currents of both sides of transformer due  to single line to ground fault on phase a on 
high tension side are shown in figure (2a). The modal currents obtained from Clarke's trasnformation and 
the output polarity obtained from Fault Discrimination equation are shown in figure (2b). In this case of 
internal fault the polarity is negative as shown in figure (2b). 
  
                                           
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) Three phase currents for internal SLG fault on phase a; (b) Transient Modal currents for internal SLG fault and resultant 
Fault Discrimination equation's polarity. 
4.2. Response to internal DLG fault on phases b and c 
The three phase currents due to double line to ground fault on phases b and c on low tension side are 
shown in figure (3a).  The modal currents and the output polarity obtained from Fault Discrimination 
equation are shown in figure (3b). The polarity is negative in this case due to inetrnal fault. 
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Fig. 3. (a) Three phase currents for internal DLG fault on phases b and c; (b) Transient Modal currents for internal DLG fault and 
resultant Fault Discrimination equation's polarity. 
 
4.3. Response to external DL fault on phases a and c 
The three phase currents due to double line fault on phases a and c on high tension side are shown in 
figure (4a).  The modal currents and the output polarity obtained from Fault Discrimination equation are 
shown in figure (4b). In this case the polarity is positive as the fault is external. 
  
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) Three phase currents for external DL fault on phases a and c; (b) Transient Modal currents for external DL fault and 
resultant Fault Discrimination equation's polarity. 
 
4.4.  Response to external three phase fault 
The three phase currents due to three phase fault on low tension side are shown in figure (5a).  The 
modal currents and the output polarity obtained from Fault Discrimination equation are shown in figure 
(5b). The polarity is positive due to external fault. 
 
 
 
0 0.02 0.04 0.06 0.08
-5
-4
-3
-2
-1
0
1
2
3
time (sec)
cu
rr
en
t (p
u)
High Tension Side
0 0.02 0.04 0.06 0.08
-4
-3
-2
-1
0
1
2
3
4
time (sec)
cu
rr
en
t (p
u)
Low Tension Side
iah
ibh
ich
ial
ibl
icl
0.02 0.04 0.06 0.08
-2
0
2
4
time (sec)
Ch
an
ge
 
in
 
m
od
al
cu
rr
en
t c
om
po
ne
nt
s
High Tension Side
0.02 0.04 0.06 0.08
-4
-2
0
2
time (sec)
Ch
an
ge
 
in
 
m
od
al
cu
rr
en
t c
om
po
ne
nt
s
Low Tension Side
0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075 0.08
-6
-4
-2
0
2
time (sec)
po
la
rit
y
i0
i1
i2
i0
il
i2
polarity
0 0.02 0.04 0.06 0.08
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
time (sec)
cu
rr
en
t (p
u
)
High Tension Side
0 0.02 0.04 0.06 0.08
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
2.5
time (sec)
cu
rr
en
t (p
u
)
Low Tension Side
iah
ibh
ich
ial
ibl
icl
0.02 0.04 0.06 0.08
-2
-1
0
1
time (sec)
Ch
an
ge
 in
 
m
od
al
cu
rr
en
t c
om
po
ne
nt
s
High Tension Side
0.02 0.04 0.06 0.08
-2
-1
0
1
time (sec)
Ch
an
ge
 in
 
m
od
al
cu
rr
en
t c
om
po
ne
nt
s
Low Tension Side
0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075 0.08
0
0.5
1
1.5
time (sec)
po
la
rit
y
i0
i1
i2
i0
il
i2
polarity
A.M. Mahmoud et al.\ / Energy Procedia 14 (2012) 318 – 324 3236 Amr Mohamed Mahmoud/ Energy Procedia 00 (2011) 000–000 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) Three phase currents for external three phase fault; (b) Transient Modal currents for external three phase fault and 
resultant Fault Discrimination equation's polarity. 
 
4.5. Response to internal inert-turn fault on phase a 
The proposed technique also is applied to turn-to-turn faults. Figure (6a) show the three phase currents 
on high and low tension sides of transformer due to 20% turn-to-turn fault on phase a on the high tension 
side of the transformer. The modal currents and the output polarity obtained from Fault Discrimination 
equation are shown in figure (6b). The polarity is negative as shown in figure (6b) as the fault is internal. 
 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. (a) Three phase currents for 20% turn-to-turn fault on phase a; (b) Transient Modal currents for internal turn-turn fault and 
resultant Fault Discrimination equation's polarity. 
5. Conclusion 
This paper describes a new protection technique which can successfully discriminate between internal 
faults and external faults in power transformers. The new technique depends on extracting the current 
transient components of the transformer from high and low tension sides then converted to its modal 
components using Clarke's transformation which produces the ground mode, areal mode 1 and areal mode 
2. These different modes then applied to Fault Discrimination equation which can accurately determine if 
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the fault internal or external to transformer from the polarity of this equation. The negative polarity means 
that the fault is internal and the positive polarity means that the fault is external to the power transformer. 
The Fault Discrimination equation is also very sensitive to Inter-turn (turn-to-turn) faults.  
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